The fungal genus Alternaria comprises a large number of asexual taxa with diverse ecological, morphological and biological modes ranging from saprophytes to plant pathogens. Understanding the speciation processes affecting asexual fungi is important for estimating biological diversity, which in turn affects plant disease management and quarantine enforcement. This study included 106 isolates of Alternaria representing five phylogenetically defined clades in two sister sub-generic groups: section Porri (A. dauci, A. solani and A. limicola) and section Alternaria (A. alternata/tenuissima and A. arborescens). Species in section Porri are host-specific while species in section Alternaria have wider host ranges. For each isolate, DNA sequences of three genes (Alt a1, ATPase, Calmodulin) were used to estimate phylogenies at the population and species levels. Three multilocus haplotypes were distinguished among A. dauci isolates and only one haplotype among A. solani and A. limicola isolates, revealing low or no differentiation within each taxon and strong clonal structure for taxa in this section. In contrast, 37 multilocus haplotypes were found among A. alternata/ tenuissima isolates and 21 multilocus haplotypes among A. arborescens isolates, revealing much higher genotypic diversity and multiple clonal lineages within taxa, which is not typical of asexual reproducing lineages. A species tree was inferred using a Yule Speciation model and a strict molecular clock assumption. Species boundaries were well defined within section Porri. However, species boundaries within section Alternaria were only partially resolved with no welldefined species boundaries, possibly due to incomplete lineage sorting. Significant association with host specificity seems a driving force for speciation.
Introduction
The genus Alternaria includes approximately 280 species of fungi that are well-known plant pathogens and/or saprobes found worldwide in many ecosystems (Rotem, 1994; Simmons, 2007) . Within the genus, there exists substantial variation in morphology among species and groups of species, and early work placed species with common morphological features into 8-10 species-groups to provide sub-generic structure to this large and important genus (Simmons, 1992 (Simmons, , 2007 . Most species-groups are distinct with robust morphological characters that are diagnostic. However, differences between some groups, such as the Alternaria species-group and the infectoria species-group, have proven difficult to recognize by non-experts and the species-group concept did not have comprehensive utility. Recognition of species within species-groups proved similarly challenging in that differences in morphological characters among members of some species-groups are numerous and obvious to most, whereas differences in morphological characters among other species-groups are few and accessible only to experts of the genus. Further complicating species recognition, Alternaria spp. exhibit considerable morphological plasticity that is dependent upon cultural conditions (Simmons, 1992) . Thus, morphological species concepts have had limited utility for this genus. Moreover, because Alternaria is principally an asexual genus, biological species concepts also have little utility. Nonetheless, reconstruction of accurate species relationships is important to develop evolutionary hypotheses relating to this economically important genus and to understand the speciation processes that are in effect.
Development of a molecular-based taxonomic structure for Alternaria has been ongoing since 2001, and most studies have supported most previously assigned morphology-based species groups (Peever et al., 2002 (Peever et al., , 2004 Pryor & Gilbertson, 2002; Andrew et al., 2009; Rotondo et al., 2012; Lawrence et al., 2013) . Most recently, studies have used molecular systematics based upon 5-8 conserved protein-coding genes to provide a more robust assessment of sub-generic diversity and have elevated the informal distinction of species-group into the formally recognized taxonomic level of section (Lawrence et al., 2013; Woudenberg et al., 2013) . The largest of these sections are the section Alternaria with approximately 59 morphospecies and the section Porri with approximately 117 morphospecies, according to the most recent publications (Gannibal, 2015a,b) , both of which contain important plant pathogens. For example, within section Alternaria, A. alternata, A. tenuissima and A. arborescens are opportunistic pathogens of numerous hosts causing leaf spots, rots and blights on many plant parts. In most cases, species within this section are not host-specific, but cause disease when environmental conditions are conducive to fungal growth and host infection (Rotem, 1994) . In some cases, species produce host-specific toxins that are determinants of pathogenicity on select crops (Friesen et al., 2008) . In contrast, species within section Porri are nearly all host-specific plant pathogens that do not utilize host-specific toxins for pathogenicity, but are very destructive on their respective host crops. Different ecological conditions affect these two sections due to the wider host range, saprophytic and/or pathogenic life stages and continuum substratum to be colonized in section Alternaria, and the almost always pathogenic life cycle on mostly specialized hosts in section Porri. Morphological variation within the section Alternaria is high, yet genetic variation among species is low. In particular, species delimitation between two morphospecies A. alternata and A. tenuissima were not shown as phylogenetically distinct clusters or species in different studies (Andrew et al., 2009; Armitage et al., 2015; H. Ozkilinc et al., unpublished data) . In contrast to section Alternaria, morphological variation within section Porri is low, yet genetic variation between species is high (Simmons, 2007; Lawrence et al., 2013) . Each section was shown as a phylogenetically distinct monophyletic group by using representative isolates per morphospecies (Pryor & Gilbertson, 2002; Lawrence et al., 2013) . Thus, different morphological, ecological, genetic and pathogenic characteristics that define these sections suggest that speciation processes differ between sections. A comparison of species diversity and species boundaries between these two sections of Alternaria may therefore contribute substantially toward understanding the process of diversification and radiation across a range of ecologically distinct asexual fungal lineages.
Even though most Alternaria spp. lack a sexual stage and can be considered clonal lineages, genetic variation within most Alternaria species such as A. alternata (Peever et al., 2002; Andrew et al., 2009) and A. solani (Lourenco et al., 2009 ) has been observed. Peever et al. (2002) identified three phylogenetically distinct lineages within A. alternata isolates from citrus in a worldwide sampling. Andrew et al. (2009) explored phylogenetic relationships among species in section Alternaria from different hosts and geographic regions using endoPG and three anonymous regions, but incongruence among gene trees interfered with consistent phylogenetic resolution. Recently, Stewart et al. (2014) revealed phylogenetically distinct lineages within the citrus brown pathogen A. alternata from a worldwide collection of isolates, and Huang et al. (2015) presented a novel phylogenetic reconstruction for the same pathogen in China. Lourenco et al. (2009) sampled A. solani isolates from tomato and potato to investigate population genetic structures based on sequencing data of ITS, Alt_a1 and G3PD. Isolates from potato and tomato were genetically differentiated (Lourenco et al., 2009) . Subsequently, A. solani isolates from tomato host were described as A. tomatophila (Rodrigues et al., 2012) . These studies demonstrate the power of phylogenetic approaches to explore divergence among populations of fungal plant pathogens that lack a known sexual stage and show how population genetics and phylogenetics may discover cryptic species, independently evolving lineages, or recently diverging new species. However, they also highlight the need to use a diverse sample set and population level sampling to compare evolutionary patterns and phylogenies among groups of species in question.
The objectives of this study were: (i) to reconstruct phylogenies among selected taxa within the sections Alternaria and Porri and to estimate species trees; (ii) to reveal population level diversities within each section; and (iii) to investigate host effect on speciation. Samples from these two sections and data from three coding regions were used to answer these questions and thus to understand evolutionary patterns of these two distinct and important groups, and findings will be used as a template for analysis of the remaining sections of Alternaria.
Materials and methods

Isolate sampling, culturing and DNA extraction
One hundred and six isolates of Alternaria representing five morphologically defined species in two sections were used in this study: 35 isolates from section Porri (9 A. solani isolates, 17 A. dauci isolates, 9 A. limicola isolates) and 71 isolates from section Alternaria (43 isolates A. alternata/A. tenuissima, 28 A. arborescens isolates) ( Table 1) . Alternaria alternata and A. tenuissima morphospecies were combined as one group. Alternaria cinerariae in section Sonchi was used as an outgroup species.
Fungi were isolated from lesions on living plant tissues and morphological species identifications were made following standard morphological criteria (Pryor & Michailides, 2002; Simmons, 2007) . Single conidial isolations were performed and cultures were maintained as single-spore colonies stored on filter paper at À20°C. Fungi were cultivated in potato dextrose broth (Difco) for 5-7 days at room temperature on an orbital shaker at 150 rpm for genomic DNA extraction. Following incubation, cultures were filtered through sterile filter paper and lyophilized for long-term preservation. Genomic DNA was extracted from powdered, lyophilized mycelium following the methods of Peever et al. (1999) or using a DNeasy kit (QIAGEN). DNA concentration was quantified using a ND1000 spectrometer (NanoDrop), diluted to 10 ng lL
À1
, and used as template for PCR.
PCR and sequencing
Three genes (Allergen alt_a1, ATPase, Calmodulin) were amplified and sequenced for each isolate. Primers and annealing (Hall, 1999) .
Nucleotide diversity, haplotype assignment and tests for neutrality and recombination
Following alignment, DNASP v. 5 (Librado & Rozas, 2009 ) was used to estimate pairwise nucleotide diversities, identify unique haplotypes and segregating sites. Neutrality of each locus was estimated by Tajima's D (Tajima, 1989) in DNASP v. 5. Significant departures from neutrality were tested with permutations of 1000 replicates (Hudson, 1990) . The recombination detection program RDP v. 3.44 (Martin et al., 2005) was used to identify intergenic recombination events using individual gene data and concatenated datasets. Recombination events were evaluated using five recombinant detection algorithms: recombination detection method (RDP), maximum chi-square test (MAX-CHI), maximum mismatch chi-square test (CHIMAERA), gene conversion (GENECONV) and 3SEQ methods, implemented in RDP software.
Phylogenetic analysis
Phylogenies were estimated independently for each of the three gene regions using maximum parsimony (MP), maximum likelihood (ML) and Bayesian inference. DT_ModSel (Minin et al., 2003) was used to select the best-fit model of nucleotide evolution for each dataset. TrNef+G, TrNef+G and TrNef models were selected for Alt_a1, ATPase and Calmodulin, respectively. MP and ML analyses were performed in PAUP v. 4.0b10 (Swofford, 2003) . Gaps were treated as missing data. Analyses were conducted using heuristic searches consisting of 1000 stepwise random addition replicates with branch swapping with the tree-bisection-reconnection algorithm. Branch stability for individual datasets and the concatenated dataset was evaluated using 1000 bootstrap replications using a heuristic search with simple sequence addition to produce a majority-rule consensus tree with nodal support values. Bayesian analyses were performed in MRBAYES v. 3.1.1 (Huelsenbeck & Ronquist, 2001 ) and consisted of two independent runs of four chains each for 10 000 000 generations, sampling trees every 1000th generation. Convergence was estimated based on plots of ÀlnL values and examination of the standard deviation of split frequencies <0.01. Twenty-five percent of the total number of generations were discarded as burn-in. Trees were visualized using ARCHAEOPTERYX v. 09901 beta (Han & Zmasek, 2009 ).
Phylogenetic species tree estimations
A species tree was estimated using Bayesian approaches in BEAST software (Drummond & Rambaut, 2007) which estimates a species tree by avoiding incomplete lineage sorting. BEAUTI was used to create XML-formatted input files for BEAST v. 1.6.1. Unlinked models were used for each dataset. A Yule process was chosen for species tree prior. Species tree estimations were performed based on a strict molecular clock assumption. Each dataset was run for 500 million generations in BEAST, with sampling every 50 000 generations. The log file was evaluated in TRACER v. 1.6. Summarized maximum clade credibility tree from estimated species trees was calculated using TREEANNOTATOR v. 1.7.2 with a burn-in of 10% of trees. FIGTREE v. 1.4.2 (Rambaut, 2008) was used to visualize the consensus tree node ages, branch lengths and posterior probabilities.
Statistical analysis
Chi-square tests were used to evaluate the association between host of isolation and genetic lineage. Genetic distances were estimated with neighbour-joining (NJ) tree in PAUP v. 4b (Swofford, 2003) , and rooted with A. cinerariae as the outgroup using a bootstrap test of 1000 replications for a concatenated dataset of three genes. Highly supported clusters that were supported with bootstrap values higher than 70% based on NJ were identified and association between host source and genetic cluster was tested. Analyses were performed using JMP software and P values of <0.05 were considered statistically significant.
Results
Haplotype, nucleotide diversities and recombination
Three genes (Alta_1, ATPase and Calmodulin) were sequenced, and sequence lengths varied among genes and species (Table 3 ). All sequences were deposited in GenBank (https://www.ncbi.nlm.nih.gov/genbank/), with accession numbers KY626338-KY626444 for sequences of Alt_a1, KY626445-KY626551 for sequences of ATPase and KY626552-KY626658 for sequences of Calmodulin. While all isolates from section Alternaria were represented with different numbers of multilocus haplotypes, isolates from section Porri presented low or no diversity at the species level (Table 3) . Alternaria solani and A. limicola species were represented by only one multilocus haplotype and A. dauci isolates were represented by three multilocus haplotypes (Table 3) . The ATPase locus exhibited the most variability in section Alternaria (Table 3 ). Tajima's D statistics showed that combined dataset and each locus is evolving neutrally in each population. However, the Alt_a1 locus deviated significantly from neutrality in the A. alternata/tenuissima population (Table 3) . A significant positive value for Tajima's D can indicate that this population has fewer low frequency segregating alleles than expected based on sequence data, probably due to bottlenecks or diversifying selection. However, the A. alternata/tenuissima population presented insignificant Tajima's values for the other loci, which indicates possible population expansion. No intragenic recombination events were detected for any of the loci. 
Results of phylogenetic analysis and species tree estimation
Individual gene trees based on MP, ML and Bayesian methods were estimated (Fig. 1) . Each gene tree revealed that section Porri includes well-separated species clades that correlate with previously established species, while section Alternaria does not resolve into clades that correspond with previously established species. Gene trees were concordant for section Porri. Alternaria dauci and A. solani were closer to each other than A. limicola. All species within section Porri represented with one cluster with the exception that Alt_a1 and ATPase trees represented two subgroups within A. dauci. Gene tree topologies in section Alternaria were inconsistent and each gene exhibited a different number of haplotypes both in A. alternata/tenuissima and A. arborescens. Moreover, the A. alternata/tenuissima and A. arborescens species were not well separated based on gene trees. Gene trees revealed that section Alternaria has more diversity in species populations in comparison to section Porri. Species tree estimation depicted that Porri had longer branch lengths compared to section Alternaria, indicating earlier divergence (Fig. 2) .
Host effect on determining genetically distinct clusters
No significant associations were detected between multilocus genetic cluster and host in section Alternaria (Table 4) . However, multilocus haplotype was significantly associated (P < 0.0001) with host of isolation in section Porri (Table 4) . NJ tree indicating highly supported genetic clusters is shown in Figure 3 .
Discussion
In this study, the genus Alternaria was used as a model for asexual fungal speciation using phylogenetic approaches. The previously established species in section Porri based upon morphology and host range corresponded to a phylogenetic species in agreement with previous systematic studies using multilocus datasets and polyphasic approaches (Brun et al., 2013; Lawrence et al., 2013) . In contrast, the previously established species based on morphology and, perhaps to a lesser extent, host range were only partially resolved within section Alternaria. A possible explanation for these different evolutionary patterns could be that the sampling of taxa within section Alternaria was not sufficiently broad to delineate the evolutionary process among closely related taxa. In addition, evolutionary species within this section cannot be distinguished sufficiently by using this dataset, or two of the phylogenetically described species (A. arborescens & A. alternata/tenuissima) that each form a robust clade but may not be an evolutionarily distinct species. A similar pattern was observed in another asexual fungal genus Penicillium. Phylogenetic analyses using sequences of ITS, cytochrome c oxidase subunit 1, b-tubulin, translation elongation factor 1-a and Calmodulin from isolates of Penicillium sclerotiorum showed that P. sclerotiorum is a species complex with seven phylogenetically distinct, Figure 2 BEAST species tree estimation based on three coding regions. Species assignments were performed considering morphospecies. Branch lengths and posterior probabilities are shown on branches and nodes, respectively. but morphologically similar species, three of which were recently identified (Rivera & Seifert, 2011) . Phylogenetic resolution of the genomic regions differed in this species complex (Rivera & Seifert, 2011) . In another example, Fontaneto et al. (2007) showed that the traditional morphological species of bdelloids do not correspond well to evolutionary species. Moreover, within section Alternaria, A. tenuissima and A. alternata were not resolved as distinct lineages by any method of analysis. Several studies showed how these two species can be identified on the basis of morphological traits (Pryor & Michailides, 2002; Hong et al., 2005; Rotondo et al., 2012) , but the phylogenetic relationships still remain unresolved due to the lack of sequence variability in the individual genetic loci (Andrew et al., 2009; Lawrence et al., 2012; Rotondo et al., 2012; Armitage et al., 2015; H. Ozkilinc, unpublished data) . The lack of association between multilocus haplotype and morphospecies supports the hypothesis that A. alternata and A. tenuissima represent a continuum of the same species or still diverging species; these have not been supported as two distinct species based on molecular and phylogenetic data, yet. Recently the Alternaria genome database has been created (Dang et al., 2015) . This open access resource includes 25 fully sequenced and annotated genomes of different Alternaria species, from plant pathogens to saprophytes. Genome comparison data could resolve the phylogenetic relationship and advance the understanding of speciation in asexual and closely related taxa, such as A. alternata and A. tenuissima. Alternaria limicola was found as a well-separated distinct species from other lineages in section Porri and all A. limicola isolates examined in this study had identical multilocus haplotype. Alternaria limicola could be the earliest diverging group within the section. Alternaria limicola causes mancha foliar de los citricos (MFC) on C. aurantiifolia, first detected in Mexican lime (Palm & Civerolo, 1994) , and is a weak pathogen of other species of Citrus such as C. limettoides and C. paradisi. This species is clearly distinguishable from other Alternaria species infecting citrus both morphologically and using molecular techniques (Peever et al., 2004) . MFC has been found in Mexican lime-producing states on the Pacific coast of Mexico, including Colima, Guerrero, Jalisco, Michoacan, Nayarit and Oaxaca (Rodriguez et al., 1985; Palm & Civerolo, 1994) . This disease has not been reported from outside Mexico. Limited geographic distribution and host specificity may cause all identical clonal structure of the species.
There was no evidence of recombination occurring in the populations of A. solani, A. dauci, A. arborescens and the combined A. alternata/A. tenuissima. Stewart et al. (2014) found a few putative recombination events in two anonymous DNA regions (Flank 3 and OPA1.3) for citrus brown pathogen A. alternata populations. Alternaria alternata/A. tenuissima populations from Pistacia spp. in Turkey did not result in any recombination event based on five genomic regions (H. Ozkilinc, unpublished data). Lourenco et al. (2009) did not detect any recombination event for A. solani populations in Brazil using sequences of the rDNA internal transcribed spacer (ITS), Alt_a1 and glyceraldehyde-3-phosphate dehydrogenase. Variation in the population of A. solani, A. dauci, A. arborescens and A. alternata/A. tenuissima is expected to be largely influenced by mutation rather than recombination processes.
Strong evidence of a clonal population structure and low genotypic diversity were detected within Alternaria species, particularly in section Porri, in this study. Isolates from geographically distant fields were often not genetically distinct, suggesting that gene flow is occurring on a regular basis. However, this lack of differentiation could also be due to historical rather than contemporary gene flow and/or establishment of these geographically separated populations from a common source population. One of the signatures of clonal population structure is the occurrence of widespread, geographically dispersed multilocus haplotypes (Milgroom, 1996) . Continuous availability of host crops and conducive environmental conditions which possibly favour asexual reproduction were shown as one of the reasons for clonal structure of A. solani populations in Brazil (Lourenco et al., 2009) . In addition, A. dauci is readily dispersed long distances as a seedborne pathogen. Alternaria populations, including both sections Porri and Alternata, appear to have limited population structure over large geographic distances, which was shown previously for section Alternaria populations by Andrew et al. (2009) . Population determination for such a clonal species could be 'representation of a group that may consist of one or more genotypes'.
Host specialization is considered one of the important forces for fungal speciation (Giraud et al., 2008) as shown in different fungal pathogens (Stukenbrock et al., 2010; Zaffarano et al., 2011; Infantino et al., 2016) . This study observed no significant association between multilocus haplotype and host of origin within section Alternaria, possibly indicating that host is a non-selective pressure on those populations to reveal genetically distinct clusters. On the other hand, strong host specificity in section Porri is a strong driving force for welldefined speciation. It seems that species boundaries are shaped in associated with host selection in Alternaria genus.
